We demonstrated forward osmosis (FO) membrane integrity loss during gypsum scaling 2 with the presence of membrane spacer. The gypsum scalant had preferential accumulation 3 adjacent to membrane spacer where the needle-shape gypsum potentially compromised 4 polyamide thin-film composite FO membrane integrity. However, the loss of FO membrane 5 integrity cannot be sensitively detected by in situ measurements of membrane water and salt 6 (NaCl) permeability coefficients. We, for the first time, employed membrane integrity challenge 7 tests to reveal the impaired FO membrane integrity by fluorescent Rhodamine WT tracer and 8 amine-modified latex nanoparticles, respectively. Challenge tests using Rhodamine WT tracer 9
Introduction 21
Membrane technologies respond to the global challenge for adequate and safe water [1, 22 2]. Forward osmosis (FO), an emerging osmosis-driven membrane process, has the potential to 23 advance seawater desalination and wastewater reuse [3] . Because of the low fouling propensity 24 and high fouling reversibility with simple membrane flushing, FO has potential applications in 25 treatment of a variety of high fouling potential source waters [4] [5] [6] [7] , including desalination of 26 high salinity brines from shale gas produced water [8] [9] [10] [11] , municipal wastewater reclamation 27 [12] [13] [14] [15] [16] , and valuable resource recovery [17] [18] [19] . 28
These challenging waste streams with complex foulants stress membrane mechanical 29 properties and subsequent membrane performance. For instance, recent studies reported minor 30 changes in FO membrane properties and performance after exposure to oil and gas wastewaters 31 [20] . More importantly, damage to FO membrane active layer was visualized after gypsum 32 scaling with the presence of membrane spacers [21] . These prior findings warrant a close 33 examination of FO membrane integrity during processing of wastewaters with high fouling 34
propensity. 35
Varying techniques were proposed to examine reverse osmosis (RO) membrane integrity, 36 such as fluorescent spectroscopy [22] [23] [24] , Rutherford backscattering spectrometry [25, 26] , and 37 flow cytometry [27] . For instance, fluorescence signatures, such as peak C as λEx/Em= 38 3000/400 nm, were proposed to monitor RO membrane integrity due to relatively low noise and 39 variability of these fluorescent organic molecules [22] . For biological particles, such as virus, 40 flow cytometry demonstrated good sensitivity and reproducibility for quantifying virus reduction 41 rate along the treatment processes, which provide direct evidence for RO membrane integrity 42 monitoring [27] . 43
These techniques aim to ensure that RO membrane achieves high log removal value 44 (LRV) for virus removal so as to address public health protection concerns, as well as regulatory 45 requirements. However, to date, there is no existing study that examines membrane integrity of 46 FO process, particularly in treatment of high fouling wastewaters. Such fundamental 47 understanding can lead to the development of monitoring techniques for FO membrane integrity, 48 which will significantly increase the efficiency and robustness of FO process. 49
In this study, we demonstrate that FO membrane integrity was compromised during 50
Key membrane transport parameters (water permeability coefficients, A and salt (NaCl) 101 permeability coefficient, B) of pristine membrane and membrane after each cycle were 102 determined according to a method previously described [29] . Briefly, the determination of key 103 membrane transport parameters comprises a single FO experiment divided into four stages, each 104 using a different concentration of draw solution. The experimental water and reverse salt fluxes 105 measured in each stage are fitted to the corresponding FO transport equations by performing a 106 least-squares non-linear regression, using A, B, and S as regression parameters. Four different 107 NaCl draw concentrations (approximately 0.2, 0.4, 0.7, and 1.2 M NaCl) were employed. These 108 parameters were adjusted to fit the experimental data of water and reverse salt fluxes to the 109 corresponding governing equations. This method allowed an in situ measurement of membrane 110 characteristics without taking the FO membrane out of the membrane cell and transferring into a 111 pressurized RO filtration setup, which could potentially impair membrane integrity. 112
FO membrane integrity examination 113
Apart from measuring key membrane transport parameters, FO membrane integrity at the 114 conclusion of each gypsum scaling-cleaning cycle was examined by challenge tests using two 115 tracers: fluorescent Rhodamine WT (Tuner Designs, CA, USA) and amine-modified polystyrene 116 latex nanoparticle (Sigma-Aldrich, MO, USA), respectively. Details regarding these two tracers 117
were provided in the Supplementary Data (Table S1) 
Membrane transport parameters measurements cannot identify membrane integrity loss 174
Key membrane transport parameters -water permeability coefficient, A, and salt (NaCl) 175 permeability coefficient, B -were measured in situ at the conclusion of each scaling-cleaning 176 cycle using a single FO experimental method [29] . This method minimized potential mechanical 177 damage of the FO membrane by undertaking the characterization in situ, rather than transforming 178 into and testing by a pressurized RO membrane cell. 179
Statistically, negligible differences in membrane A and B values were observed (Figure 3 ) 180 between pristine membrane and membranes after three scaling-cleaning cycles (student t-test, P 181 value>0.05). Largely unchanged membrane water and salt (NaCl) permeabilities also agreed 182 with the high water flux recovery (>97%) after membrane physical flushing ( Figure S3 
Latex Nanoparticle challenge test 217
Latex nanoparticle challenge tests offered further insights into the aforementioned FO 218 membrane integrity loss that was equivalent to a pinhole size of 0.065 µm 2 
in fluorescent 219
Rhodamine WT challenge test. Dynamic light scattering measurements showed that the particle 220 size distribution in the draw solution became wider and shifted towards the larger particle size 221 range ( Figure 5) . Specifically, negligible presence of latex particle in the draw solution was 222 observed after first scaling-cleaning cycle, which was evident by the sharp particle size 223 distribution and relative small average particle size of 15 nm ( Figure 5B ). This result was 224 consistent with the fluorescent Rhodamine WT challenge test where the FO membrane LRV was 225 around 5 with insignificant permeation of Rhodamine WT to the draw solution (Figure 4) . 226
However, a significant, progressive increase in the particle size distribution occurred after the 227 second and third scaling-cleaning cycles, with the average particle size rising to 30 and 50 nm. 228
More alarming, particle size distribution in the draw solution exhibited a similar pattern as the 229 feed latex particle after three cleaning-scaling cycles ( Figure 5D the risk of pathogen transport, such as virus, is a concern for impaired FO membrane. In addition, 243 different type or size of tracers should be considered to maximize the relevance of the challenge 244 tests to pathogen rejection when the potential membrane pinhole became larger. 245
Conclusion 246
Results reported here highlighted the FO membrane integrity loss using fluorescent 247
Rhodamin WT tracer and latex nanoparticle, during gypsum scaling with the presence of 248 membrane spacer. Such FO membrane integrity loss was driven by the preferential accumulation 249 of gypsum scalant adjacent to membrane spacer where the needle-shape gypsum potentially 250 compromised FO membrane integrity. More importantly, the routine measurements of FO 251 membrane water and salt (NaCl) permeabilities cannot identify the membrane integrity breach, 252 which warranted the employment of membrane integrity challenge tests by Rhodamine WT 253 tracer and amine-modified latex nanoparticles, respectively. As a result, challenge tests using 254
Rhodamine WT tracer showed that membrane log removal value decreased to 3.5 after three 255 scaling-cleaning cycles, which corresponded to a pinhole size of 0.06 µm 2 on the FO membrane 256 surface. This result was further corroborated by challenge tests using latex nanoparticle where 257 the particle size distribution in the permeate became wider and the average particle size increased 258 over the three scaling-cleaning cycles. Both challenge tests were sensitive enough to identify 259 impaired FO membrane integrity. Results reported here have significant implications for 260 achieving better membrane spacer and module design, as well as demanding periodical 261 monitoring of FO membrane integrity in water reuse. 
